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FOREWORD 

Stafi menlbeu of the Aeroepace Ruaar~ Depa~tment and En11Me:rin1 

Depa.rtment who have participated in dir~ctin1 or perlo:r:mina the work re~ 

ported herein iDcluO. Meura. S. P. Jonea, Jr., Ci. Whitnah, M. Sa.ndg:ren, 

A. Andeuon, D. Stencle'l', J:\. Lindquist, J. McGiUic:u4d.y, J. Upton, 

W. L. Torg•aon, P. Stroom, 0, Morlitt, A. T. BatUD&D, D. Harrington, 

R. Ackroyd, D. Keci1, B. Schmidt, G. Lunde, R. Dahlberg, E. Knutlon, 

J. Unga, J. PUney, A. J'ohnacm, 0. Leiter, C. A. Morrla, K. Pontin~n, 

and G. Voll. 
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ABSTRACT 

'l'hie Fourteenth Quarterly Progress Report presents the results o! 

work conducted at General MUla, Inc., under Contract No. DA-18-064-

CML-2745. ''Dlasemina.tion of Solid. and Liquid BW Agents" during the 

period 4 September to 4 December 1963. 

Current theoretical investigations relating the interparticle contact 

energies to mechanical properties of compacted powdera are described. 

Although an idealized. system was used. the trends predicted a.re in accord 

with experimental data. 

!!I.. (lot SCH- 63 -l 09• to be used in forthcoming flight testa was found to 

be more difficult to compact than~ (lot 17) u.ed previously. A new ap

proa.ch to obtain the energy of compaction from In.tron da.ta 1a presented. 

Aaent LX like other highly elastic materials wa.a found to be dii!icult 

to compact, has a comparatively hi&h compaction shear strength, and a 

tensile strength too low to measure. 

An evaluation was made of the buoyant force c:orre~tions for the BET 

adsorption method to meaeure total surface area.. Total aul'!ace area and 

rt1go•lty measurements were made for epray-<lried saccharin, agent LX, 

a21d ega embryo. 

Our methods for preparing shadow-cast samples for the electron mic;;ro

scope have reo~ulted in obtaining micrographs showing greater deta.il ln 

particle shapes. 

A study of the effects of humidity (from 0 to 100 percent R. H.) upon 

the formation and decay of a ground powdered sugar a.eroaol la reported. 

Sto:rag~ teaU on aamplea of compacted~ indicate little change ln de

agglomeration efficiencies and viability after (>month" at temperatures of 

-Z and -Z.1•c. 
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plaatic indicated that aide~w&ll friction can be materially reduced it suit

able methode can be found tor preventina intimate contact of the powder 

particle• with the wall surface. 

In prepa.ration for the low-apeed £light trials of the E-41 apray tank on 

the Mohawk OV-1C airplane, an E-·U was filled with compacted talc and 

shipped to Grumman Aircraft Engineering Corporation, Bethpage, Long 

bland, New York. A manual loaciint technique ualng partial chart•• waa 

developed in anticipation of bavtna to load the E-41 with~ in the field 

d1.1l'in1 the flisht triala. 

iv _.....,.,. 
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DISSEMINATION OF SOLID AND LIQUID BW AGENTS \;_ 

1. INTRODUCTION 

The work l'epol'ted herein it being conducted fol' the U. S. Army Bio

logical LaboJ&.to:riee under Contract DA·l8-064-CML-Z745. The progr&m 

<:Olteleta o! experimental and theoreUcal studiee rf'bted to the Une source 

d! .. eminaUon o£ aoUd and liquid BW a.gente. For several montha the em

phaaie ha• been placed on the dry &ientl; much efiort ia being dev~ted to 

the study of the proce .. ee and phenomena involved when dry aaentl are dia

••minatsd !rom & compacted atate, in order to obtain a more favorable 

!iWna denaity in munition&, Proce .. ea involved in compacting agent• to 

obtain the required denaitiea are beina included in the atudiee. 

Work on the fundamental properties of dry finely-divided solid materials 

ia beina conducted in the laboratories. Special jn1trumentation required 

for thue atucliu ia designed and fabricated when nec:enary. Two full-scale 

E-41 spray tanks were fabl'ic:a.ted and are being uaed ln !ield teats to study 

the diuemination and dispersion of compacted dry agents under natural con

ditions. Flight teeu at high subsonic speeds have been conducted success

fully and preparatione for low-speed tf>sts are currently in pl'oceu. 

Pros:reas in several areas of the program during the period 4 September 

through 4 .December 1963 !.a prcaented in this nport. 
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Z. STUDIES OF THE FUNDAMENTAL BEHAVIOR OF DRY POWPERS 

Durin& the courae of thia project we have been atudyins the bulk proper· 

tiea au·ch as energy of compaction, shear strength, and tenaile atzoenath 

which are manileata.tiona of interparticle contact energies. In adc:iition, we 
have atu.clled particle characterhtica--aueh ae ·size and shape--that a!fect 
the number aDd nature of the interparticle contacts, 

The !ollowina sections daacribe tha results of current theoreticalinvea

tiaationa :relatins the interparticle contact energies to the mechanical pro

pertiea ol compacted powdera. A theoretical model compoud of apherical 

partlc:lea of diameter dp with an avera1e energy E per sinsle contact iB em

ployed to determine the energy requi:red to produce a given change ia. aver

a.aa powder density, Thla treatment should be of considerable value in 

addin& to our depth of understanding of the behavior of powders. Although 

we are using an idealized system, the trends predicted are aubstantially ia. 

agreement with experimental results. In addition to the results of theoretical 

studies, our current work using ~and other simulanta is reported. 

Z. 1. Behavior of Powden in the Compacted State 

2. l. 1. Theoretical Investigations of the Mechanics of :compacted Powders 

Granular materials can be divided broadly into two main classea: dilata.nt 

media. and compa.ctable media. Dilatant materials are ao named because 

they dilate or expand when sheared. Compactable materiall, on the other 

hand, are found to contract when sheared. This dhtinction leads to funda

mental differences in the behavior of dilatant and compac.table materiah. 

For example, a dilatant powder is capable of sustaining very large shear 

streuea if the powder is not permitted to expand. This phenomenon was 

demonstrated in a.n experiment reported by Jenkin1 which showed that a cylinder 

Z-1 
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imbedded in sand in a. confined spa.ce could not be rotated in it1 plane. 
Similar behavior baa been reported by Zena and Othmer (See pp. 17, Refer

;;. 
ence Z). Thia type o£ behavior is not olaerved with c:ompactable powders , 

For the most part, dry dilatant powders ilow freely and are not ordin· 
•rily subject to handling difficultiea. By contrast, compactable powders 
do not flow readily and may pre1ent •erious handling difficulties in certain 
circumstances. 

We may aak: What fa.ctou determine whether a gi-v:en powder will be 
dila.tant or compacta.ble? There is good reaaon to believe that the answer 
to this question can be found by examining the mutual interaction energy of 
particles in contact or close proximity. 

Interparticle energiu will a.lwa.y• exist in granular media aa a :resalt 
of molecular and electruatatic potentiala, a1 well as by chemical bonds. It 
i1 bf!Ueved that short-range molecular potentials ~re primarily reeponP:b!c 
for the behavior of compac:table powders. It should be noted that these. poten
tials a.re a.lways present and the a.asoelated interparticle forces are <JJw;.. :·!'. 
attractive. 

The total energy per unit volume of a powder, owini to interparticlf' 
potentials o! molecular ori11in, can be considered to be proportional to the 
number of particle contacts per unit volume. It is clear that the intt•rpanide 
energy per unit volume increa.aea rapidly with increasing powder buJk d£.1!
sity (See Section 2. 1.1. 1). On the other hand, the gravitational potcntla! 
energy increases with decreasing density. The equilibrium density of tt ~ 
powder corresponds to the condition of mh1ima.l total energy. This ie •nu&• 
trated In Figure Z. 1. 

~-~---------------------The basic distinction here is that dilata.nt materials cannot be sheare-·d ,mt!J. 
the particles fracture, while compacta.ble powders can be sheared wi!r, a 
small inc:reue in applied load (e. g., in the piston-cylinder teat). 

I 

____ _1 ____ _ 
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Enugy 
per 
uaut Mau 

Total Snergy 
( compactable powdezo) 

Conr&c:C Ene ray 
(compactable powdn) 

Gravitational Potential Eneray 

TotallCneriY 
(dilatant: powder) 

Contact Energy 
(cUlatant powder) 

Fl.gul'e z. 1. EneriY Balance at lCqulll'ortum for a Compactable Powder 

As shown in the figure, the gravbational potential energy clopenda only 
on the powder density. However, the contact energy per unit mass depends 

markedly upon the particle size. For a typical dilatant powder, the number 

of ccmtacta per unit mau is comparatively small; th~. the minimal total 

energy occura at a density approaching the dentity of the solid ntateri&l (!or 

spheres, the maximum density for a cloae•pa.cked array ls 0. 74 ~p' where 
P P ls the particle desulty). For compac:table powders, the contact energy 

is 110 great that equilibrium il reached at a much lower density (note upper 
curve ln Fipre 2. 1 ). 

The dependence of contact energy on particle 1iae can be seen by con

otdering a hypothetical powder consisting of spherical particles of diameter 

dp. The number of particles per unit ma.n is: 
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The contact ener1y per Wllt mau can be exp:reued. by the relatiollahlp: 

E c = (particle e/unit mau)(av. energy/ contact)(coftt&c:te/ particle) 

~----·.:....!. __ ,-

(l) 

(Z) 

in which c la the average enern per contact and. !(p) l• a !unc:tion jivin1 the 
number ol contact a per particle u a !unction of the ave rate powder deneityg~ 
It is eaaUy soon that the function !(p) aatilfiu the c:ondid.oDa: 1/Za f(p /p p) ..: 6; 
£1 (,:» f(j ) >o. (The condition f(l) = 6 carreaponda to hexa,onal pacldng; I.e. , 

p 3 
six contacts po:r p&rticle. ) According to De riaatn and Ablikoaova , the 
erut:riY 1 11 proportional to d . Thua, for apherical particlea, the bulk con-

. p z 
tact ener1y varie1 inveuely as dp • 

A mathematical ~naly•i • of the compAction function f( PI ffp) for the spec:ial 

cue of 11111lonn 1pherical particle• il aiven in Section 2. 1. 1. 1. For parti

clee ol nonuniform size lt 1• clear that the amalle'l" particle• may contribute 

greatly to the total energy even when con1titutin1 a •mall maSI-!raction of 
the powdcu·, Tbe role of particle shape in the compaction proceu is very 
complex: howevel', elon1ated or platelet forms can be e1q»eeted to result ill 

reduced powder den.alty &Dei a tendency toward compactability (e. I•, consider 
anowtlakes oJ" tale powder). 

It hal been tacitly auumed in the above diacusalon that the powd.el' !.1 in

itially d.-!glome:rated.; for example, the powder could be considered. to settle 

out from an aerosol compoaed. o£ discrete particlu. It hal allo been auumed. 

that the powder layer i1 very thin, Iince the weight of a thick powder layer 

causes proJ:ressive compaction within the layer. In actuality, most powders 

in a Mtural atate con1iat of aglomerates which preaumably reault when the 
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powder ia repeatecUy compacted aDd broken up durin& hancUiq. There are 

indication. that the h&ndllna properties o£ cumpactable powden an improved 

by aatlomeratea of thil type. This is bOt IU1"pi'I1Usl ltnc:e the aaalome:ratea 
can be reaarded ae large particle• for which the "interaaglomel'iate 11 eneray 

is small relative to the averaae ag~lomera.te masa. 

Z.l.l. 1. Analytical Compaction Theory 

A very simple theoretical model of the compaction process haa been ad· 

vancecl by Derr4• Tbll moclel yields a compaction streu-denlity relation

ship ol the form: 

and shows furthermore that the cohesive shear strenath ol a compacted powder 
i• proportional to the compa.c:tion stresa. (The laat term in the bracket• of 

Equation (3) il usually neglialble compand with unity.) Both o£ these .::on~ 
c:l~ions are in goocl aareement with experimenta.l ruulta. 

Derr11 theory i• baled on a particular as&lomera.te structure, i.e., the 
geometrical a.rranaement of the powder particles is specified for each density 

state. A different approach, baaed on energy coneidera.tione, is taken in the 

following analysis. 

Ener1y of Compaction- We auwne that the powder i8 composed of 

lphedcal particle• of diameter dp. Also, it ie auwned that the energy of 

a lingle contact 18 t. We wi1h to determine the energy re(\utred to produce 
a given change in the average powder den&ity. 

Suppo1e that a powder sample contains N pllrticles. In an unstresaed state 

the total contact eneray is distributed am.ona the N particle• in accordance 

with the number of contacts per partic:le. It is apparent that a particle may 
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have from 1 to U contacta with neighborina pa.rticlu, U we a .. lp halt 

the total contact ener11y to each ol the particles in contact, the energy state 

of a partide may 1'&11118 from • n. to 12( •12). 

We now ask: For a atven total contact eneriYE...-.• how are the eneray 

statu distributed among the N partlclee? Let the total ennay l!:c be ex• 

pnased in the form: 

where J1 ia the euray due to particle a with i contacts pu particle. 

(4) 

It can be shown from the theory of atathtical mechanica5 that the number 

of particle• in each ener1v state can be exp.reued by the distribution func

tion: 

where A ~nd a are conatanta. Lettins x = e ·a C/ Z, the constant A i1 defined 

by: 

or 

12 

N• E 
1 

.!. • 1 
X 

A= ii 
1 • X 
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Ec(x) =~ (7) 

The ener;y invested in ith order contact• ia: 

l - 1 Nc x i E1(x) = -r i x (i = 1, 2, 3 •. , lZ) , 
1 - x1 ~ 

(8) 

A number of the energy functions Ei (x) are plotted in Figure 1. Z. The 

ener1y parameter x fa small for small value• of total eneray (l, e. , for low 

powder density) and increases with increaainll total energy. Tbia parameter 

can also be related directly to the powder density aa will be •hown later. 

The eneray functions plotted in Figure ~. i give a very good picture of 

the euential features of the compaction process. At low denaities (small x), 

most of the contact energy is distributed among the low energy states. As 

the density (and x) increases, the energy distribution shifts continuously toward 

states of higher energy. 

It will be ubserved also that each energy •tate (i = Z, 3 •· .. , 11} increaaea 
from E1(o) = 0 to a. maximum value and then falla off to zero as x becomes 

infinite. For any value of the parameter x, Equation (7) gives the total con

tact energy. Aa x increase•, however, the energy which must be supplied 

includes not only the incTemental value o£ total contact energy but al&o the 

energy needed to break down lower energy states. The latter enersy com

ponent evidently represents the effecta o£ cohesion. 

Tho total energy change durina compaction, denoted by E(x) (relative 

to x = 0), is plotted ve.raua x in Figure Z. 3. (The change !n E 1 (x) waa 
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Figure 2. Z. Contact Energy Ei (x) vs. Compaction Parameter x 
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Compaction Parameter x 

Figure z. 3. Contact Energy Ec(x) and Compaction l!:nel'gy 
E(x) vs. Comp<'Ction Parameter x 
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ignored in theae calculationl, aince lingle contac:ta are pllr-ically impro

bable.) The contact eneray li:c{x) (!rom Equation 7) it also shown in 

Figul'e 2. 3. 

Rel&tionahlp between Compaction Enersy and Powder Density· The bulk 
denaity o£ the powder for a pven compaction atate can be determined in the 

following way. Equation {5) sivea the fractional number o£ particlea in each 

eneray ata.te in term• o£ the parameter x. .For the i th I tate: 

1 - 1 
- i l 

Ni/N = X lZ X = Ax • 
1 -X 

Particles in the ith energy state have i contacts with neighborinl particles. 

Denote the volume occupied per particle in the ith ener1y atate by a1 v , 

(9) 

• 3 p 
where vp = T dp is the particle volume. The total volume !or N particles 
ia: 

.!. - 1 
V(x) = v x tz: 

p 1 -X 

The bulk density ia then: 

Np v X _ Xl3 
P (x) = -v?xf " ll p 1 i 

For the close-packed state (i = 12.): 

(1 - x) [ alx1 

1 
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. 6 
Slmila.rly, for square pa.c:ki118 (1 = 6): a6 = 7 = l. 91 and !or hex-packed 

la;-crs atacked one above another (i = 8): ~La = f cos f = 1. 65. The latter 

arranaementa are the moat loosely packed array• c:orreaponditll to l = 6 

and 1 = 8, respectively. The densest packina• for i = 6 a11d i '" 8 are nearly 

hexaaonal arrays, ali&htly displaced to open abt contacts (i • 6) or four 

contacts (i = 8). On the average, therefore, we have: 

- 1 1 a 6 - y (1. 3S + 1. 91) = 1. 63 and a6 •-,: (1, 35 + 1. 65) • 1. so. 

Theae valuea are plotted va. the number of contacts i in .Figure a. 4; 

since they lie on a linear log-log curve, it i8 a.eaumed that the a1 values can 

be read from the figure for other values o£ i. These value a are given ln the 

following table. 

t 1 z 3 4 s 6 7 a 9 10 11 12 

ai 2. 65 a. 20 1. 97 1. sa 1. 11 1. 62 1. ~6 1. Sl 1. 47 1. 42 1. 38 l. 35 

By computinlil the compaction eDeray and the bulk density ae functions of 

x, an implicit relationehip may be established betwffen compaction energy 

and bulk density. The result• oi these calculations are shown in Figure Z. 5. 

The dimensionless compaction energy U/Nc ia plotted vs. the denaity ratio 

PIP p· If E is interpreted aa the eneray per unit mau, the ordinate in 

Figure 2. 5 can~ expressed as; 

Thus, the energy for a given density varies directly aa (c/d 3). 
p 
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~Maximum Compaction Energy 

Compaction ~ -:xlmum Contact Energy 
Eneriy 
ZE 
N'i" 

c f• 2E ) Contact Energy "N"7' :: Z£ (r.; 

Figure 2. S. Theoretical Compaction and Contact Energies 
va. Den•ity • Spherical Particlea 
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Over molt of the clenaity range the compaction energy ia clouly appl'axi

mated by the equation: 

(11) 

The d.imenaionl.eea cont&ct eneriY function r(+J a~ ta alao plotted in 

Fiaure z. 5. P 

Comection Streu aa a Function of Density- The c:ompreuive atren 

required for compaction can be found £rorn the compaction energy by equating 

the work done by the compaction stress to the change in eneray between den

sity atatea P1 and P 2 >p1
• Consider a unit mau of powder, contained in a 

amogth-wv.ll~d cylinder of cross- s~;:ctional area A. If :oc is the depth of thft 

powder, P.Ax ::. 1. 0. Now, if the powder is compacted with a 11mooth piston, 

we have: 

a Adx = -dlt 

or 

855 I I p ) 

=~~~ 
b. 67 

(12} 

The theoretical compaction relationships shown•inFiaure l. 5 and ex

pressed by .Equation& (11) and (12.) are very similar to experimentally 

determined compaction c:ha.racteristica. Bath the tbeoretlcal and experimen

tal results 1how & very rapid increase in compaction energy (or applied litre .. ) 
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with increasin1 bulk denlity. Thi • c:haracteriltic strongly lmpliea tba.t 
short-range interparticle potenttab have a dominant influence on the com

paction proceu. The theory also indicate• that the c:ompac:tian enerjy in

c:realel rapidly with decreasing particle diam~ter. For particles in the 

micron size range, the contact energy-lize rel&tion1hip it expected to lie 

somewhere between an inverae aec:ond or inverae third-power law. lt fol

low• !rom thie that the beha.vior of powders ia determined lar1ely by the 
sm&llut particles in the particle size distribution. 

Z. 1. '1. Z. General Be~vior of Compactable Powders 

During our study o£ the behavior of dry powders several theoretical and 
empirical.l&w• have been advanced to describe the compaction characteristica 

of dry powders. These laws trnfY be stated as follows: 

1) The compresaive atreu required to compact a powder to a 
density p can be expre ued by a.n equation of the form: 

6 where k a.nd m are constants for a given powder. 

Z) The shear reaittance Tc of a powder undergoing compaction 
ia proportional to the applied normal (compressive) streu 
on the ehear plane, an: 

T c - T 0 = an tan -

The a.ngle fiJ is a constant !or a given powder; 1' is the 
shear resistance of the powder in an uncompactgd state. 

3) The shear strength of a compacted powder can be described 
by the equation: 

't:: a tan If' + bl)m. 
n 

The first term on the right-hand side of this equation can 
be regarded as an effective "frictional" l'f'!llil!ltance, whil~ the 
second describes the effect of cohesion on the shear strenph. 

(13) 

(14) 

(J. S) 

'· 



I 
I 
I 
I 

6 The conatanta k and m ma.y be found from the Inatroft compaction tJut•; 

the constants ,.. and f are obtained from direct ahear teats. 7 The conatant 

b ia derived bom the conatanta A. t1 and. ,., in the following way. Referring 

to Figure z. 6, the cohesive shear component "cob is seen to be: 

"eoh = t1 n (tan ,. - tan -·). (16) 

To define b, we must express t1 n in terma of the denaity f). The pr\nclpal 

compaction atreu corresponding to an ia tl max "' on aec ,. ( .. e i'ip~• z. 6). 
The atreu a il related to the density through Equation (11). Therefore. max 
!rom Equation (16): 

or 

"t' h = bPm =A cos ff (tan ff -tan, ')l)m co 

The conetant b ie a measure of the effects of coheaion. Alarie value 

of b implies that a powder will be difficult to deagglomerate after compac· 

tion. If b ill small a powder will aenerally be e<UY to deagslomerate. For 

dil.at&nt media., b"" 0 aince ID "' f 1
• 

(l7) 

Aerodynamic Breakup of a Compacted Powder -The deagglomeration a! 

compacted Sm powder by aerodynamic forces has been intensively studied 

durinl thls ~gram by subeonic wind tunnel testa. 7 The above analysis pro

vide• a baai1 !or eatimatins the effectiveness of aerodynamic breakup for 

different loti o£ Sm and for other powders. Suppose that a. small agglomerate 

of compacted powder ia auddenly injected into an airatre&lll at a. relative 

velocity U. This results in both shear and preuure streuea being applied 

to the agglomerate. The shear streuea are proportional to ul/2. for laminar 
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flow while the prenW'e atreuea a:te proportional to the d)'!l&mic preuure 

q = i j)a u2. (p & denote a the air denaity). The•• th······ are retittecl by 
the cohe aive lhear strength of the a glomerate. expre ned by Equation (17). 

At the point of. breakup, the rela.tionahip betwee11 critical velocity a.ncl powder 

density ia: 

For shear~tndaced bre&lcug 

Zm 
3 

u = c b
2

'
3 

f) crit 1 

For presaure-induced breakup 

m 
T 

u . "c bl/2. p 
cnt Z 

(lBIL) 

(18b) 

The constants c 1 and Cz cannot be evaluated analytically for agglomer

ates ol arbitrary aha.pe. However. the above equations indicate how the criti

cal apeed variea with denalty for the two breakup mechanisms. The critical 

velocities for thea.r a.nd preuure-induc4!!d breakup are plotted va. denaity 

in Figure Z. 7 for§_!!!, 342 to illuatrate Equation• (18a) a.nd (18b). The criti

cal velocities are referred to the critical velocity at P = 0. 4, the primary 

purpose here being to ehow the shape of the curves. In each caae, the 

rapid increase in critical speed with increasing density closely resemble a 

the experimental curve for ~ 342 (Figure 6. 3. Reference 7}. 

The theoretical critical apeeda for Sm 332 as compared with~ HZ 

have been computed as a function of density by using Equation (18b) (a•· 

suming pressure-induced breakup) and Equation (lS). Using data from the 

Thirteenth Quarterly Report, 8 the following constants are found for the two 

Sm lots: 

Lot 

342 
35Z 

40.6" 
42.5 

37.0" 
39.2 

m 

14. s 
11. 6 

Z-18 

A 

10 
1.53x 10

9 2, 04 X }0 

b 

9 l.Z4x 108 
1. 52 X 10 

;;: 
, .. . 
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Figure Z. 7, Theoretical Aerodynamic Breakup of Sm 34Z for: (a~ Preuure

Inducecl Breakup, (b) Shear-Induced STeakup - Critical Speed va. 
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The critical apeed aa a function of denaity for these ~ aamplee il 

plotted in Figure Z. 8, taking the critical speed for lot 342 at p = 0. 4 as 

unity. At the 1ame density, there ia a very significant ciit£erence in czo.iti

cal 1peed for the two ~lot. (this difference would be even greater for 

11hear-ind1.1cecl breakup) at the same density. !f the two lots are compared 

at the aame compaction atreu, however, the critical breakup veloelti~a 

are not greatly different. 

2. 1.1. 3. Behavior of Compactable Powderl at Low Denaitiel 

The preceding diacuuion haa been concerned primarily with the be

ha.viol' ot powders that have been compacted to an appreciable degree. n 
ia noteworthy that the phenomena. l'CIIponaible for compactabllity al1o exel't 

a etrons !nfluence on the behavfor of "uncompacted11 powders, i.e., powders 

which have not been delibnrately or knowinlllY compacted. (Coneid41'rabl~ 

compaction may occur by the we!.gbt of even a thin layer of powder.) :E;lec

trostatic or molecular interparticle forces may often exceed the masa of 

individual particle•, leading to very high local anglea of repose. 

The behavior of powders under theae conditione can be vilualized in 

terms of the aeneralized shear strength relationship expre ued by Equa

tion (14). This eq_uation h plotted in Fiiure Z. 9 for small values of a • n 
The key factor in this equation, as far as uncompacted powders is concerned, 

is the initial shear strenath ~ • This is the shc:.ar strength of the powder 
0 

in ita "natu.ral" density state. When a. p:>wder is compacted T is uaually 
0 

negligible compared with the compaction shear strength 1'c, However, for 

an uncompacted powder this term may be large relative to the weight of the 

powder itself. This h illustrated by the following analysis. 

Consider a uniform layer of powder of mass m 1 erams/ cmz restina on 

a rough plane surface which is ln~.t!ally horizontal (see Figure z. 9), Owing 

to the weight of tho powder (in this case very small) the p.;Jwder layer will 

be slightly compacted. The corresponding shear strength characteristic 
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(includina the effecta of ;;ompac:tion due to the pow~r weight) ie aiven by 

the line s1 in Figure 2., 9. Now suppo1e the surface il tilted tbrou&h a.n 

angle I; the shear etreu at the surface is m 1 ain 8 whUe the normal streas 

ia m 1 
coe S. Tho locus of applied stresses is thus a circle c1 in the streu 

plot . For the condition shown. the powder layer will not slide off even at 

8 " 90~. (This implies that the~ angle of repose can exceed 90• !or 

this la.yer.) If we now repeat this proceu for mauee m 3>m1>m1, a series 

of critical slide &Dtlu will be t>btained as inclicated in :Figure z. 9. If m is 

large, the elide angle is approximately equal to the shear anile- • !'or de

creasing ma•• deneities, bowevrtr, the slide anale progressively increase a. 

This effect ia frequently observed with granular or powdered materiab. In 

particular, local angles of repoee may exceed 90• for materials having an 

average angle o£ repose of 40 to 50". Such behavior is observed in an ex

treme form under humid conditione. In a dry t.'nvlronment, eiE'!ctrific.at!c.n 

of powder• caused by handling (L e. , by rela~ive mt>tion o{ powder pa.rtic.:lca 

&nd of the powder relative to the container) markedly affects many powdc- rs. 

Even dry d1lat&rlt materials can exhibit cohesion under car1a.!.n conditions 

(e. g. , marked cuheaion effects have been observed for magnetized steel 

•hot, having angle• of repose exceedin1 90•). 

Of course, the intercept 1'
0 

cannot be considered a constant fot a gi"•·n 

powder; ratller, it ia a statistical parameter which depe.tlciiJ on the histc.ry 

of a powder aample. The general trend of increasing~ angle of repoee 

with decrea1ing powder mass is likt>ly to be found lor most powders w!l;.c• 

MMD value• in the micron si.r.e unge. H the testa described above wett· 

performed many timee lor a given powder, it it probable tha.t a great d•·'Jl 

o£ aeatter would be ob1erved for small value• of the powder maa.a per ,_.n;.t 

area m; however, the scatter would tend to decre;ue with increas~.ng m. 
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Z. 1. 2. Current Studies with Bi and A&ent LX 

z. 1. z. 1. Compaction Characteristics 

Since !!&_lot SCH-63 -109 is to be uaed in forthcoming filght testa, a 

representative sample of this ma.terlal was studied in comparison wlth !J 
lot 17 used previously. so that realitltic test pa.rameteu fol' compaction 

and dinemination could be predicted. The comparative atreu clenalty re
Lationships shown in Figure z. 10 indicates tha.t lot SCH-63-109 h sc~ewhat 

more difficult to compact than the lot 17, 

Figure z. 11 lncluclea the streas denaity relationship lor !'!llot SCH.63-

1 09, lot 17, and agent LX in comparison with other powdeu studied recently. 

Clearly, the genera.Lbati.on that increased ease of compaction with inc::ret.ainJ 

particle abe does not apply. The f'gg embryo and agent LX have the largest 

MMD but are far more dif£ic:~t to compact. These ma.teria.ls, in contrast 

to the other powder& shown in Figure 2. 11, are hishly elastic and highly ir

regular in ahap"! (Section 3, E'l~ctronmicrographs). The relationahip between 

ease of elasticity and east~ of compaction will be studied in detail in the 

Coming months, 

2. 1. z. z. Shear Strength and Tensile Strength of Agent LX 

Like the highly elaatic powders talc a.nd egg embryo, the tensile strength 

of agent LX ia a.llo too low to measure by the :se1mented column method. 

Fi1ure 2. 12 shows the compaction shear strength· of agent LX in comparison 

with eg1 embryo. The higher compaction shear atrenl(th for agent LX ia 

consistent with the compaction data, ioclicating ~ncreaaed difficulty to com

pact. 
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At preaent, much data exiat for many powdeu on ccmpHIIIive streu 
aa a !unction ol denaity. U the data were preeented :tn terma ol energy per 
unit maaa rather than compreaslve streaa, one would have more useful 
correlat:tona. 

Tha enersy per unit mau can readily be obtained aa a £unction ol den
sity i!, fo1: the powder in que~lon, a plot of the logarithm of compreuive 
streu veraua density yields a atraight line (this la usually the case for 
•tress lovell below 107 dy:nea/c:m). Then the empirical equation 

where ·o = c:ompreeaive atress 

k = constant of the powde-r 

p ,. bulk density 

m = constant of powder, a the elope of the line on a plot 
of log rr va. ~ . 

can accurately be fitted to the data. 

Bec:auee the compaction apparatu.e shown in Figure Z.12 o! the Ninth 
Quarterly Progreaa Report has alway• been used with the Inatron to obtain 
compaction data, it 1a pouible to expreu the denaity (p) a.. a !unction of 
the distance traveled by the compacting pilton (X) using the following re
lation: 

where 

p .. p 
0 

o 
0 

= initial bulk density 

L 
~ 

L ., depth of powder receptacle. 

(19) 
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The two above eqU&tion• ca.n be combined ud integrated to yield a. ueeful 

expreuion in energy (E) per gram (g), namely, 

k m-1 m-1 
E/ i = '{ili":"'T ( P ~ ti 0 ) • 

The energy of compaction of~ product lot SCH-63-1 09 is •hown in Figure 

(ll) 

Z. 13 aa meuurecl £rom the data by a plainmeter and aa calculated. from Equa

tion (3), Uling k = 1. 9 x 10 9 and m = 9. 01. The constants k and m were de

termined from Figure 2. 10. 
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3. PHYSICAL AND CHE!dlCAL CHAR.ACTERISTICS OF THE 
POWDER PAltTICX..E 

3. 1 . Total Sur!ac:e Area 

Surface areaa £or egg embryo, a1ent LX, and apray•drled n~charin 
were rneasund by the BET adsorption tec:lmique. The ac&tter ol pointe 

in the BET plot• &I well &I in the a.cllorption !aotherml sussested the pos
sibility ol. a systematic error of random magnitude. Thia pl'oblem waa in· 

vutipted durinl this last 9.uarter throuah a study oi buoyant forces. It 
ia of considerable importance to maximize the accuracy of this technique 
rince we ho~ to mea•ure small chana as in surface area (as a barometer 

of particle fracture during compaction) and other mani!utationa of change 

in surface atructuro of particle•. 

3.1. 1. Study ol. Buoyant Force Correction 

For lt.r1er surface areas the correction due to buoyancy ia !lot aignif

ica.nt. However, ae the surface area dec:reaaee (hence, the amount adsorbed 

decreaeea) thia correction a .. umea increaeinl importance. In tbia atudy 
the buoyancy correction baa been on'y for the quartz bucket and tiber that 

have bean below the level of the liquid nitrogen bath. The additional 

buoyancy o£ the spring wae measured experimentally with no lo&cl in the 

quartz bucket. At the same time the magnitude of the experimental errors 
estimated and some IO'U:rces ol. these errors were located. 

The experimental data of buoyant force ae a function of pressure are 

plotted in Figure 3, l. The linea are straight since buoyant force ia a linear 

function of presaure, but the disturbing feature is that the linea did not paaa 
through zero but fell in a band 0. 1 mg wide {with an average intercept of 

0. 1 mg). No line paued through zero, or below, as might be expected 

from random error, indicating the existence o! a systematic: error of random 

3-1 
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magnitude of 0. 1 ma :t:O. 05 mg. The source of this error waa found to be 
!rom li!tin1 of the apparatus as the cover of the liquid N2 dewar was snagaed 
againat the clamp holding the sample bulb. The clamp was used as a refer· 
ence eo that the level of the liquid Nz would be the aame ln each nm. I! 
we avoided touching the clamp with the dewar cover, the pointa to cluster 
were lowered to about an intercept of 0, 05 mg (correspondiq to movement 
of approximately 0. 04 mm). A reference point would be deeirable but ex· 
perimental difficulties of placing a re!erence point in the field of vision &re 
great. Therefore the correction etarte not !rom zero but from approximately 
0. 05 mg (FiBUre 3. Z). 

As an example, the effect of the correction and the effect of the errors 
on the data for Sm 352 pnsented laet quarter8 will be ehown. Ualng the re
aulte !rom the ;;;or analyeie 7 the additional error in the experimental de· 
termination ol buoyant force wae added to the rest of the errore. 

For the correction of the BET data collected, the buoyant force data 
shown in Figure 3. Z will have an additional correction for the systematic 
error ot 0. 05 mg. The error is also auumed to be the range of the experi
mental data in Figure 3. l or :tO. 05 mg. This will be added to the erron 
in the manner outlined before 7, or the error in the buoyant Coree h: 

I t) dP s z. z 
[ ]

1/Z 

dW Bf :: t gVa ;-a) t {dC) • 

The first term is the error in the buoyant force on the sample, the a.;cond 
being the experimental error, . 05 mg. 

(.ZZ) 

The new ad1orption data are presented in Figure 3. 3 along with the 
normal error bare. The area increase• from 3.14 ,.,S percent to 3. 76 mz/g 
2=3. 7 percent. AlthouilJ there ia an area incre<ue, the deviation d.eterminad 
before was actually takina into account the •y•tematic error. The previou111 
data on 1urface area measurements will be corrected in a similar manner. 
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The change a in prceedUl'e neceuary to eliminate the aforementioned 

ayatematie ert'ora and the experimentally determined buoyant force on the 

quart• component• should improve the accuracy o£ the data. A• haa been 

noticed be!ore,the data for each individual run have much leaa deviation 

than deviation between duplicate runs. We hope to have corrected this 

nowtoenable us to better evaluate smaller chang.ea in surface more reliably. 

However, it must be mentioned that the aravimetric system is best auited 

for panicles under 5 to 7 microns because, ln tbil rang11, buoyant force a 

are as large as the weight adaorbed. Over thia ra.nge,what is actually meaa

ured b the difference between the calculated buoyant force and the obaerved 

buoyant force; if the buoyant forces can be accurately predicted thia should 

pose no problem. The meaeurement of the total aurface areaa of the larger 

particle size powders or small change• in aurface area 11 beat auited to a 

volumetric syatem. the only adva.ntage bein11 that the buoyant force ia elimin

ated and replaced by the dead apace determination in the aample bulb. The 

calculation is a bit more reliable Cor small 1urface areas. 

3. l. Z. Spray• Dried Saccharin, Eill Embryo, and Agent LX 

To deteJ:mlne the upper limite o£ the BET aravimeter adsorption method, 

the total surface area• of two lots of spray-dried saccharin, 13C and 13D, 

were meaaured. The88 powdera had a lar1e Whitby MMD {13C waa 8. 85 

micro1111 and 130 was 11 microns) which made measurement of the area dif

ficult and the unc:utaintiea great. The measured total surface for 13C was 

o. 78 m
2 Iii :1:40 percent and for 130 wae 1. 06 m 2/g •U pe:rcent. R.ugoaitiea 

were 2. 0 lor l3C and Z. 2 for 13D. 

Figures 3. 4 and 3. S ahow the BET plot of the da.ta, As le obvious the 

error bau ana extremely larae, but in Figure 3. 5 the error bars are shown 

to be not unrealistic since they span the range of points. In the previoue sec

tion (3. I. 1) it was pointed gut that the major error ia the error in the ex

perimental determination ot tho buoyant force. 
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Tbia metbocl can thus be uaed lor app1'oximating the surface areas !or 
powdere normally_ conaidered beyond the upper limits (!J to 7 microne) !or 
the method. 

In addition to the amooth 1pheric:al partlclu of ap:zoay-dried sacch&ri.D, 
two materiala o! :radically different partlcle shape we:re studied. The sur· 
face anae of the agent LX, FiiUl'ell 3. 6 and 3. 7, and •11 embryo, Fiaur~• 
3. 8 and 3. 9, were found to be quite large aa were their rugoaitiea. Sur
lace a:zoeaa of the agent LX were 4. 40 mill =*4 percent and for egg embryo, 
14.2 mz /g :1:7 percent. Their rugositiee were 6. 8 and Z6. 8, respectively. 

The larae rugosity of ega embryo ia in the nme ranse as talc 9• The 
difference h.tween the two ia that talc baa a amall particle size, approld
mataly 1, 7! to 3. 5 microne, while egg embryo il larse. approximately 8 
microna. The hip rugoaity of talc reaulte from ita being a very ir:regular 
platelet at:ruc:tu:re and pouibly having some mac.ropore structure. Egg 
embryo, on the other hand. ie a mixture of p;u•Ucles of widely varying size, 
shape, and conetitution; here, a.lao there ia the possibility of some macro~ 
pore attucture be cause of the steep rise of the curve a a PIP 

0
-J , There 

ie nelli11ible hysteresis in the adaorption-deaorption isotherm (Fii'!re l. 9). 
However, il the silica in egg embryo ie oi the porous type, a few pores 
could be left open which would have little volumetric effect but augment the 
surface area. The extent of such structure is small indeed( it the structure 
existe at all) since the surface area ie still quite small as compared to a 
truly porous material. 

A characteristic ahared by both talc and egg embryo ia greater elasticity 
at low bulle density~ ·• characteristic shared also by agellt LX, whose rugae~ 
ity ia much lower than either talc or egg embryo. In aU three casea the 
particle shapes are very irregular, indicating that partic.le shape mayde· 
termine the e"tent of elasticity. A large rugosity (greater th&n 6) with the 
abfence of extenllve pore structure, seems to indicate that there will be 
much elasticity. The relationship between rugnsity and elaaticity· -partit:ularly 
for highly elastic rnaterials~ -will continue to be investiaated. 

J-9 

Page determined to be Unclassified 
Reviewed Ch1ef, ROD, WHS 
lAW EO 13526, Section 3.5 

Date: JUL 1 9 2013 



' 
!' [ 
' 
' 

1~ 

} 

' 
l 

.., 
0 

~~~~ ... 2N 
.~ s 0 
SCI) 

r-.... 
.... o 
W II 
Q~ 

~~ 

L-----~--------~------~~~-----o ..,. ("' N 

0 0 0 

(
0 
d/4 - He\ 

0
d/d 

3-10 
Page determined to be Unclassified 
Reviewed Ch1ef, RDD, WHS 
lAW EO 13526, Section 3.5 
IJate: 

JUl 19 2013 



' L 
1 .. 

I 
r 

l 
l 
1 
l 
l 

~ 
8 
~ 
llO -.., a 
.0 
" 'f 
0 
Ill 

~ 
" ~ -0 
> 

l.S~----------------------------------------~ 

1. 0 

0.5 

0 0.4 

Figure 3. 7. PartW Isotherm o£ Nz Adaorption on Agent LX 
at Lictuid Nz Temperature 

Page determined to be Unclassified 
Reviewed Ch1ef, ROD, WHS 
lAW 50 13526, Section 3.5 
Date: 

JUl 19 2013 

\ 



c... 
c: 
r-

-<.0 

~ 

C);::O\l 
!!l.:E(l)Ql 
!D. m~-~ 
o~@" 
.... a.-
"'o!!l 
~:r3 
!» iii :r 
lJ) :<' 8. .::o-2.00 
g·~g 
w:EC 
• ::J: ::I 
(71Ul0 or 

!:: 
[ 

"" I -N P.o 

p; 

' ···~ . 

~
0 

0 

M.li4.D = 8. 2 microns 
Area = 14. Z rn2/g 

0. I O.l 
P/P 

0 

0 Run 46 
6 Run 47 

9 Run 48 

0 Run49 
e Run 50 

0. 3 

Figure 3. &. BET Plot of Nz Adsorption on Egg Embryo 
Showing Nor.nal Error 

0.4 

~ 

~ 

It 
I 
! 
!: 
il 
\: 
i 
1: ._,. ,1-,--~- ., 
~ --r 

I 

' ( 
. - . ~1f.f.'r-' • I Jl, .... .._ I ~ I 



---. - .,__ __________ .,.._ __* _________ _ 

~~~·· . -~~-~--;-~~-----t -&--·----·------------·-------------- -- ----·------------------------~---- ----------------------·--------------------~ .... ··~~ .. 
I• 

''": 

. •,t,~ 

l ! :.:. • I 
r ; ~ 

) : 

, 

i . 

zs~--------------------------------------~ 

zo 

-o· 

~ 
Gil 

~ 
N 10 

z 

j 
0 
> 

s 

0 Adsorption 

-¢- Desorption 

o. 6 
P/P 

0 

0.8 1.0 

Figure 3. 9. Adsorption lsotherm of Nz on Egg Embryo 
at Liquid Nz Temperatures 

3-13 

Page determined to be Unclassified 
Reviewed Chtef, ROD, WHS 
lAW EO 13526, Stctlon 3.6 

Date: JUt 1 9 2013 



} 

r 

Ega embryo and aaent LX both exhibit the adsorption phenomenon first 

obaervecl with the other freeae-dried material, ~8, 1. e. , that the auriaca 

18ema ctuite inactive. The relative pruaure at which the monolayer 11 com

pleted iiJ approximately o. 2. Also the value of c* in 'both ca ... ie approxi

mately 2.0. It h intereetiag that thla characteristic: holds fo1' both materials: 

eaa embryo h freeze-cll'ied, but it i1 not known whether or not a.1ant LX 11; 

thie seems to indicate that freeze-drying produces an inactive surface. 

3. z. Particle Shape 

3. z. 1. Shadow-Casting for Electron Microsrap!la 

Imrins the paat quarter we have spent a conaldera.ble amount o1 time ln

veatigatina the techniques necessary !or shadow-casting aamplea tha.t are to 

be observed in the electron micro1cope. In the 11roceru we found it neces

sary to modify our vacuum ayetem in order to fulfill the requirement• for 

shadow-casting with chromium. The methods uaed are aimilar to those die

cussed by .Han10 and by Fiacherll. 

In general, shadow-casting will ald in determining the structure of a 

particle in that the height of the particle can be obtained f'l'om the shadow 

length, and the particle structure in the third dimenaion is aiven by the shadow 

structure. The uaefulneaa of ahadow-caatinl in d~termininJ true particle 

shape ia shown by the simple example ln Flgu'l'e 3. 10 where a shadowed 

erose il viewed from the top. It is also £ound that thadow-caating can be 

useful in some caaee for enhancing the details of the surface atruct11re. 

Cis related to the average heat of adsorption of the first layer by 

C = exp(:s:net/RT] 

where C = constant of the BET equation 
R = gas conatant 
'1' = abeolute temperature. 

(Z3) 

(Equation Z3 correcta the one appearing in the Thirteenth Quarterly Report. 
p. 3-14.) 
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Fiaure 3. 10. Sketch of Shadow-Ca.at Crou Viewed frorn the Top 

Tunfllteo Filament 

....... 

Fiaure 3. 11. Sketch of Shadow-Casting Proceu 

Figure 3. 12. Geometry of Shadow 
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tra.una the abatlow·caatina p¥oc••• lloca.tec:l in a vacuum ayatem). Yatal 

ia evt.poratec:l from a. tunaateo filament that il wQUftd ln the 1hape of a wis'e 

ba.aket. If the pzoeuun ic the vacuum aystem ia low enoup (a'boul 10~ 5 mm 

Ht) the evaporated metal travele ln atraiaht llnea ud ll depoalte4 on all 

auda.cea faciD1 the filament. Repone bebirul a panicle will n~ zeceive a 

metal depoeit ud thua will be detected aa a "ahadow" in the eleetroa micro. 

acope. The hallht ol the p&rtlcle (FlpN 3. lZ) h tiven by the relation 

h = 1 taD I, where 1 aftcl 8 are c:1etermlne4 geometrically. 

The ahaclow-caatlqtwoceaa :requhea a vacuum ayatem and a low volta&•· 

high eurrent power aupply. The only 1'equirement of the power 1upply il that 

it eupply eu!ftcient power to the filament in order to reach the evaporation 

temperature of the metal. The vacuum eyatem muat have vacuUJn pampa 

that are capable a! malatainin1 a 1ooc1 vacuum throupout the evaporation 

p:roceu. It La imperative that a too4 vacuum be maintained at all tlmee 

aince, aa the preature inaide the vacuum ayatem increaeea, the metal :rays 

are 1cattered more atronaly by the reaiciual 11•• moleculea. The reaultin1 

ahaciow• become ciiffuae (in an extreme caae, the shad.owl may cllaappear). 

The tbicbee• of the lhadow film il d.etell:'mlned electrically by meal• 

llll:'int the reehtance ol the film clepo•f.ted on a sll.aa •llcie. Thia OD&bles ua 

to pzocxluce fUme of cieeired tbickneae in any pven DKpell:'itnent. In 11neral, 

a thick 1hac:low fllm 1• uaeci to determine s:roll atructure while thlnnet' fllme 

are uaeci to determine finer detail. 

3. Z. Z. E11 Embqo 

The v&lue of lhlldow•caatina in detel'mininl the 3·D •&ructure of puti· 

cles ie Uluatrated by the electron micro1rapha of •11 embryo particle a ahawn 
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t~ Vlaurea 3. u. 3.14, ancl 3. IS. J'ipn 3.13 le of 'partieulu intereat for 

it ahowa how the fine particle• ole11 embryo c:&n have a very loo .. 1truc• 

ture. Ou can aee bow m\lch infol'm&tion ehaclow-caatina add• tf one Yiewt 

tbeee photoar•ph• whUe im&pniq that the abaclowt are not there. 

Thee• photosraph8 alao point out a po•aible problem that may arhe in 

the obaervation ol fiae particlee with light or electron mic:roacopea: The 

influence that the ciiaperalng ps-ocen may have on the apparent pal'tlcle 

etl'ucttue. 

h the photoaraph• ot e11 embryo, two ciiapereiq proc••••• are aHd.. 
In one methocl the powcleao ie \lltraeontc:ally dlapereecl in b\ltyl alcohol and 

then apnyed on the arid with an air sun (ehnilar to a paint •prayer). ln 
the 1econd method, a emall amount of powder la placed on a 1lau eU.d.e and 
then dieperaed (dry) by diechargf.ng a tpark throup the powar with a talta 

coil (Ref. 11, p. 127). The photograph• of eag embryo Uluatrate C\11' aene:ral 
obaei'V&tiona. The cby (apark) dbperaed particle• are compoaed. of eub

partlclee that au appnciably lft'l&lln than the aubpartlclu of the butyl 
alcohol dhpened pazoticlea (which tencl to lay flat on the 1\U'!aco), Th!t 

•utaeat• that the aubparticlu in these photoarapha are actually •111omeratea 
of vel'y emall pal'ticlea. U thia h the cue, the larJer aubparticlea obaervecl 
with the butyl alcohol dhpereina method could. be formed duilll the evapol'

atlon of the tpray claoopletl from the grid. Thia proc ... wowd alao tend to 
caue the aubparticlea to lie fla.t on the &rld aurface. aa 1a obtel'Vecl. The 

ultraaonic proceu could break up the particle• of •11 embryo allowlnl them 
to refol'm eomewbat during t.'le evaporation of the alcohol. We believe tb&t 

the cby (lpal'k) cliaperainl mt~thod ie better for obaervin1 fine particlea, 

It appeare aa though the fine parttc:lu of e11 embryo, ahown ln Ftpret 
3.13, 3. 14, and 3, 15, are aillca. Thue pa:rUc:le• {includlna the tubparticlea) 

are aimllal' in appearance to photo1rapha of Cab-0-SU (aiUca formed by a 

vapor pbue proceu) appearinl in Ref. lZ. Tho larael' particle• ahowu in 

Flpn 3.16 (al8o ehown in Ref. 8 as Fipre 3. 13, p. 3-Z4) are probably 
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Powder Egs Embryo MMD (Whitby) __ a_._z_m;_ic_ro_ll_•_ 

Method of Dl•pe:raiOD __ S;:.p~a;;.:r;.;:k;;;....;;;Dl;,:;.;;..ec:.;;.;h;:;;:a::.;r:..lig10e..._ ________ _ 

(ebad.ow·Calt with chromium at a 1 to t heiJiht~to~lell~Jth :ratio) 

Magnifica.tioft Z8, 000 x (microseop*) Z. 5 x (enlargement) 10,000 x total 

Microsraph No. __ 63~~;..:1:.:0;..-=2.::.3 ______________ _ 

Figure 3. 11. Electron M:&croarapb of Shadowed Esg Embryo 
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Powder E 111 Embryo MMD (Whitby) 8. Z mic:rollll 

Method o£ Dispenion Preued on Oriel and Blown off with Air 

(ehadow-caat with chromium at a 1 to 4 baiaht-to-length ratio) 

Maini!icatton 28, 000 x (mlcroacope) Z. 5 x (enlargement) 70,000 x total 

~crographNo. --~63~-~1~0~-~~~9------------------------------

Figure 3. 14. Electron Micrograph of Shadowed Egg Embryo 
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Powcln Eg Embryo MMD (Whitby) _;;;,;8•;..;2;..;ml;;;;;:.;c::.;;l"'ft~·~ 

M~thocl of Dlepereion Ultnaonic Oiaperaed in Butyl 

alcohol; aprayed 011 with air gun 

MagDificatlOD n, 000 X (microecopa) Z. S X (enlargement) 10, 000 X total 

~croarapbMo. 63·9-36 
------~-------------------------------(ahadow-caat witb c:hromiwn at a 1 to 4 heiaht•to-leuath rat!.o) 

Flpre 3. 15. Electron Micrograph of Shadowed Egg Embryo 
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Powder Ell Embryo MMD (Whitbyl 8. 2. mlcrona 

Method of Dhpenion --=Spa~=.r:;:k..:Di=•..:c:;:ha.;;;;r;;.Jg~e:....-________ _ 

Magnification 100 x (mic:roacope_l_! x (enlargement) 2.00 x total 

Mic:rotraph No. 63-10-S 
--~---------------------------------

Figure 3. 16, Ught Micrograph of EIJ Embryo 
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compoaecl of lactoae (h'anaparent particlet) IIU'l'OWI~DI amall alUca pal'ti· 

clel. 'nle•• laraer lactose particles may have ... embryo on t:be eurlace 

{thia appears u opaque portions). 

To teat the above hypothuia, ega e:mbrfO waa diapnncl Oil a 11a .. allele 

and then photoaraphecl with the use of a. li&ht microscope. The aUde waa then 

c:arelully placed. in diotilled water for 40 houn, removed. and &1&111 photo

lU'aphed (the lame ana being photographed each time}. The two photograph• 

are shown ln .FlJUres l. 15 and 3. 17. We see that all the tranaparent portion a 

of the particles are diuolved in the water; this supports our euppollition that 

thue are compoaed lugely of l&ctoae. In the place ol theae tranaparem 

portiona, a&"e lelt amall puticl4la (presumably aillc:a) and larger opaqu. 

regions (pouibly •11 embryo). We see that the remaininl a:mall particle• 

shOWD lD .&'lpre 3. 17 form patterne which cloeely corraapond to the orll!nal 

padiclea (Fiaure l. 15). This indica.tu that the tranap&rent particles are 

diuolved blU not waahad away, Another experiment determined. that approx• 

imately 45 percent of the •11 embryo powder is water 1oluble .. 

3. Z. 3. Spray-Dried Saccharin 

Some wol'k haa also been c!one on spray-dried aacc:bal'in. Photoarapha ol 

thl1 powder are 1hown in .Fiauru 3. 18 and 3. 19. Thle powder appean to 

have • very 1maoth surface and Ia very spherical. The good spherical shape 

i1 ol 1pectal intere•t Iince the propertiea olaphere• are generally much 

ealiu• to analyse than the properties of powdera with irre(IUlar shapea. 

3. Z.4. Asent LX 

Fiaure• 3. 20 through 3. 25 show the structure of agent LX. Fiaure 3. 20 

ahowe the general powder etructure a• obterved in the lilht microscope.· 

.Fiauree l.ll, 3. n, and 3. :u show aome of the amaller particlea obaerve4 

in the electron micro1cope. 
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Powder E81 Embryo MMD (Whitby-) 8. Z micron• 

Methoct of Dbpeuion Sp&rk Di.sclu~.r1e 
----~~----~~------------------

(Figure 3. 16 powder diuolveclin HzO and dried) 

MagDific:ation 1 00 x (microscope) Z x (anl&raement) ZOO x total 

Mlc¥ograph No. 63-10-s1 

~~----------------------------------
Figure 3. 17. Light Micrograph o£ Egg Embryo 
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Powder Spray.Dried Saccharin MMD (Whitby) U micron• 

Method of Dbper.ion ---=S~p=a.;,;rk;;;..;Dl-...•.;;.c:h;;.;.&r;;;...~l-.;•;.....---------

Maplilicatloa 400 ! (misroecope) 2 x (enlar1ement) 800 x total 

Microaraph No. __;6:;..::1:..-.::.l..:.l.;;.;-1:..:0~--------------

Flpre 3. 18. LiJht Wcrosraph of Spray-Dried Sacc:harla 
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Powder Spny-Dt'led. Saccharin_ MMD (Whitby) __ l_Z_m---ic_r_on_• __ 

Method of Dispersion Spark Dia~~~:l•---------------------

Magnification 11,000 (microscope) Z. 5 x (enlaraement) 2'7 ~ 500 x total 

~crographNo. --~63~~-1_1_-~6----------
----------------------

Figure ). 19. El•ctron Micrograph of Spray• Dried Saccharin 
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Powdu Asent LX MMD (Whitbyt 8 miaHae 

Me-thod of Di1peuicna _,_;;.s~e;;.;r•k•Dl--•,..ch-a•:r;.:sl-•--------

Maamfication 100 x (m.lcrotcope) Z x (enlarsemeat) ZOO x tatal 

~croaraphNo. 63-11·15 
--~~~--------------------

l-Z6 
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Powder Apet LX MMD (Whitby) _...;:S;..:m=ic:.:ron:=:::;•--

Method of Diaper•icm --"S~pa~r~k~D::.h!.:c:::has:r-..gi:::e _________ _ 

Map.tfic:ation 4700 x (prlsroacope) z.! x (enlargement) 11, TOO a total 

63-11-11 

Figure 3. Zl. .!:lecuon Micrograph of Agent LX 
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Powder Anne LX MMP (Whitby) _.:S:..~m~ls..:tr.:~O:=ft:.;::!--

Mathocl of Diapenion __ s .. po;,;;a;;r;.;.k;..;Pi=•;..;c~h.;;;a""'rs.,•._ ________ _ 

Majn1£ication 4700 x {mLcroacope} 4. S X (enluaemant) 11 r 700 X total 

Microarapb No. _6.;;3;..·..;1..;1_-~z.;;.o ______________ _ 

?laure 3. ZZ. Electron Microaraph ol Aaent LX 
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Powder Agent LX MMD (Whitby) __ B~m;.;;i;.;c;.;;r..;;o.:.:n..;;.• __ 

Method of Oiaperlion _ __:S:Jip:.::a.:.;;r;:;k:..;D:;:;.i::.:s:.;c;.::h:::&;.;;r.iJg~e---------

Maanific&tion 9, 700 x {microscope) Z, 5 x (enlargement) Z4, ZOO x total 

Microaraph No. -=:;6.:.l.;..•l::.:l:...·..:Z:.::l ______________ _ 

Figure 3, 23. Electron Micrograph o£ Agent LX 
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Powder Ment LX MUD (Whitby) 8 microns 

Method ol. Dispersion _ _..Spa._.r;.;.k.;._Di_e_ch_...a;...r.~~s-.e _________ _ 

Magnification 100 lC (microacopa) ~ lC (enlarsemellt) lOO x to~~ 

Microaraph No. 
---------------------------------------

64-1-2 

Figure 3. ~4. Lljht Mic:rOil'a.ph o£ Agent LX 
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Powct.r f.&ent. LX MMD (Whitby) 8 miei'OU 

Method of IXaperaioD _.;;:Sp&A;,;;;;r;,;;k;.,:;;;Dl,;.;l;.;;c;;;h;;;;a.-rsa;•-.--------

(l\!bmerle41a cll•dlle4 water} 

Maplfie&doft 100 " Lmtero•col?!) Z x (cnlar1ement) ZOO • tatal 

Mlcro1rapb No. _-.64.;.·...:1:...·..;.l ______________ _ 

!'tpre 3. 2.5. Llpt Mic:rosr!opb of A&ent LX 
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These photographs ahow that agent LX is another powder with highly 

irreaular sb&pe. Thia ir:regul.arity ie mainly due to the larae amount of 

debril contained in the powder. The cella are not easily recognized in the 

dry state. When the powder is submerged in water, however, these cella 

are immediately ob~ervable beea.uae they chanie to a UDi!orm size ancl shape 

that are quite different frorn the debris. Upon dryini, the- "c:ella again blend 

in with the background debris; but knowing of their existence and appearance, 

they can be readily observed. The difference in the cell aize and e~pe under 

wet and dry condition. is shown in Figures 3. Z4 and 3. Z5. This cha.nae taku 

pl:~ce rapidly upon l.mmeraion in water or drying (within Z or 3 seconds). 

3. 3. Particle Siae Distribution and Particle Densitz 

Particle 1ize dhtrtbutions of !!J lot 17, .!!a lot SCH-63-109, and agent LX, 

u determined by the Whitby technique, an ~ruentcd in Figure 3. 26. 

We employed our usual 1chedule for size analysis of the !!I. samples, For 

agent LX, compatible liquids and the truo particle density wore determined 

before a schedule could be calculated. Benzene was used as the •ettllnsliquid 

and an 8S to 15 volume ratio of benzttne to naptba was the dispersing liquid; 

SolubiUty ol the a1ent LX in th .. e liquid• wa.a negligible u determined by an 

analysia of the radiation transmiuton at various wave lengths. A hue parti

cle density of 1. 34 1/ cm3 wae determined by a liquid displacement technique 

uaing a vacuum-insulated volumetric flask. 
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l 

!!J. lot 17 
tl = 1. 61 

MMD = 6. 4 micl'on• 

Agent LX 
<J = 1. 75 

MMD :o 8. 0 micron• 

~lot scH .. 63-l09 
a"' 1. 45 

MMD :: 6. 4 micron• 

microns 

Figure 3. 26. PP.rticle Size Distribution of ~ and Agent LX 
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4. AEROSOL STUDIES 

The previoua work 01l the effects of receptacle atmo1phere humidity 

upon formation and decay of aerosob baa been limited to three c:aee•: low 

humidity (S percent or leu}, room humidity, and high humidity 195 percem 

or ireater). Durin& the fourteenth q,uarter provilionl were made for the in

itial aeroaol chamber humidity to be set to any preacribed level. A aeriea 

ol :rune, uain1 powdered sugar, was then conducted at initial chamber humiditle• 

coverina the full ranae of 0 to 100 percent. The result• of these rwu are 

diacueeed in the present report. 

4. I. ()p!J'atina Procedure 

The operating procedure waa diacu .. ed rather Cully lD the 'l'hirteenth 

Quarterly Report. In the present qttarter the powder sample handling, stancla.rd

bation of the optical syetem, and data reduction were exactly aa deacrlbed in 

1ection1 4. 1. 1, 4. 1. 3, and 4. 1. S, respectively, of tb&t report. Further-

more, the powder-dispersing procedur., was the same as that described in 

the parallr&ph on ''humidity runs" in section -t. 1. 4, The aerosol chamber 

humidity control and measurement, however, were different, 

Chamber humidity was controlled jn the pruent work by connecting a 

flushing arrangement to the chamber. In thia system, air was eithe:r bubbled 

through a water flaak or pa.ased through a desiccant bed before b"i~g uaed to 

flush the aerosol chamber. The changing chamber humidity wtu then contin• 

uously monitored by one of two methods; when tbe desired humidity was reached, 

the cond.itionil'll system was shut down and th• run initiated. 

Chamber humidities lower than 70 percent were measured by an infrared 

hYirometer which sampled air from the chamber through a long copper tube. 

This method was not applicable to hiaher humidities, probably becauae of 

water condensation at cold spots in the sampling tube. !'or the higher humidi· 

ti.e,., measurement& were made by means o£ a psychrometer installed in the 

4-1 
Page determined to be Unclassified 
Reviewed Chief, ROD, WHS 
lAW EO 13526, Section 3.5 
Uate: JUL 1 9 2013 



chamber: near the fan. The paychrometric: method ia better euited to the 

meaaurement of hiah hurniditiea since errors, if &ny, will be ln the direc

tion of too hi&h readina•· 

4. z. Experimental Work and Reaulta 

A .. riea of rune at various chamber humidities waa conducted for pow• 

dered sugar aerosols. Tha abe analysis o! the powdered •uaar givea 

MMD = 5. 8 microns 

G g ,. 1. 74. 

The nurnbel'medf.a.ildiametet(NMD • d
1
) of the sample m&y be compute<\ from 

(Z4) 

we obtain 

NMD = 2.. 3 mic:r:ona. 

Figures 4. 1, 4. Z, and 4. 3 ahow the aerosol "half-life", initial amplitude, 

and "slope index", respectively, o£ the varioua rune plotted &ll&inat relative 

humidity of the ch&mber at the inception of the run. 

It ia teen in Figure 4. 1 that the aerosol half-life in~reaaea uniiormly 

with humidity from 5 min at low humidity to 7 min at the hlah encl. The in

crease ie thus 40 percent over the range. The scatter of the data. la quite 

small for thie type o£ experiment. Thua, half-life is an aeroaol parameter 

that can be detel'mined expe rimentaUy with acceptable pnciaion. We shall 

attempt to delve into the ai&nific:anc:e of this parameter in section 4. z. 
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1 

Tho aerosol initial amplitude ia shown ln J'l&u:r• 4. Z. Tbh pa:rametu, 
too, exhibitl &c:coptably tmaU scatter. It lnereaaea gradually aD4 umtormly 
from low humidity to about 70 percent, then drop• rather ahaJ"ply at 85 pu
unt. The curve.could. have been drawn to indic&te a preclpltw• drop from 
0. 4S to 0, 15 at 85 percent. The fact that itt. drawa to 1n41cate a .. umooth 
roll-off retlecu the belie! that powder propertiea (and, theretpre, aeroaol 
para.metera) chana• p-a.dually--not dhcontinuouely-•wlth humlciUy. 

Figurea 4. I and 4. Z may be compare'.~ with Figure• 4. 1 ancl 4. 2 ot the 
Thirteenth Qua~tedy Report. (.For comparison pul'poaea, wt1 may take 
12 g HzOim3 • 50 percent relative humidity.). Half-Uvea compare qmta 
favorably, but there ie a ai1nlficant difference in the initial amplitude. The 
data on initial amplitude eec:ured during tbe tbirteenth quarter reveal value• 
about 1.-1/Z timea thoae 1ecured du:riq the fol.lrV.;~nth qua.rtu·. Thla cUI· 
fel'enee la poeaihly attributed to the f&ct that the •uJ&I! ua~d bt the previaua 
period wa• around in the winter (10 percent laboratory R. H.), where&l the 
euaar used during the current quarter wae around durinl the 1umm•r (!50 pet'• 
c:ent R..li.) reaultina in the pouible formation o£ a few bard &JJlomeratee. 
This would re1ult in loworins the initial amplitude. To overcome thle pro
blem, a facility ia belna con•tructed to permit arindlna of the powdera ln. 
eompletelz controlled atmo•phen. 

The aeroeol parameter ''•lope index" ia shown ln FlJure 4. 3. Thil par• 
ameter aeemed to be well. behaved in the range o! 30 to 80 percent, de
crea.eint~ over that rans•· A sharp upward ewinal• indicated at about 85 per• 
cent. 

4. 3, pata Analyeia 

In thia 1eetlon we 1haU attempt to look more deeply into the litnltlcanc:e 
of the varioua aero1ol paramete:u. The analyaia il baaed on the theoreUc:al 
model for the optical properties of a turbulent-decaying, nonaaalomeratlna 
ae&"oaol first diacuued in section 3. '1. of the EighthQuarterlyRepol't~ 3 Some 
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upec:ta ol the model were further dUcuaaed Ln the Nln~ Quarterly Report 
(aection 3, 3) &nil the whole topic waa auinmarized hl mon c:onclae fonn iA 
Appendix A o£ the Eleventh Quarterly Report. 

The model for the optii:&l propea-tiea ol an aeroaol au"Wnel tha* at aome 
initial time the aeroaol particle• a:re uuiformly (within the limitationa of 
tta.tbtict) ciiatrlbuted throughout the chambu and that the abe cliatribution 
of the airborne particle a can be adequat:ely rep:reaentecl by a lOI•nozomal db· 
tribution. Preaumably tbia dietribution ie clo .. ly related to the ac:tual alae 
cliatribudon ol th.e powder. 

b a 

c 

Loa Diamotel' 

Suppoainl, in the dla&ram, that the Une "a" ia ihe actual alae cllatrilNtlon 
ol the powder aample, then loaa ol lara• pe.?ttclEoa to chambel' walla clurina 
the cliaperainiJ pbaae would yield the line "b" a• the initial airborne alae 
ciiltribution. lf incomplete aepa:ratlon or rapid reagalomeratlon preclude• 
the appearance of fine particLe• ln the initial a.eroaol, line "c" woulcl re.W.t, 
Other combinations are pouible. 

4-7 

Page determined to be Unclassified 
Reviewed Chief, ROD, WHS 
lAW EO 13526, Section 3.5 
uate: 

JUL 19 2013 



i 

The model for nonagalomerative tubulent ••ttllna ful'ther aatumea 
that the concentration of aerosol particlu of atze c:laaa "d11 d.ecreued ex
ponentially with time: 

e • -v~d) t 

where v{d) = terminal settllna velocity <:4 a pa:rticle of dla~eter cl 

H = chamber height. 

(15) 

The alanal du to the acatterlns of li(lht by a ain1le particle in the acatterin1 
zone is 

S (einale _.. 1 ) = I&Q a(d) 
p&n6C: e 

I • Uiht beam intensity in photometer unlta/cm1 

&A = geunustric factor 

a(d) '" croaa aection of particle ol diameter d for 90• 
acatta ring. 

B.e~~ulta quoted in Appendix A of the Eleventh Quarterly Report ahow that 
(d) may be approximated by 

elm 
O'(d) = T' m, K = conatante. 

In the analysis to follow, we took 

M:ol.6 

, .. 'K=Z.O 

(<Jia in 1quare micronl if d ia in microns). 
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When theae uaumptiou are combined ancl the 11ec:euary lntetratian 

putormed, it ia found that the initial tlgw amplitude S
0 

b relate4 to the 

initial aerosol p&l'ameteu d
1 

and o 
1 

by 

where C it conc:encratiou of the lDltial uroaolla pa1'tlclu/c:c: and S
0 
it the 

volume of the acatteJing •on.. The time dependence of the ai.Jil&l S la pH• 

dieted to be los-nornsal: 

r.no -0 

I 
I 

~ 52~----:------;a I I 

J I l e 16~ _ _ '- _____ .l. _ - - - --. 
!14 I I I 

I I I 

t" 

The alope lrsdex (= t"/t 1} ia a function o! o1 alone, •• ahovm in FlJU1'• A-l 

of the Eleventh Quarterly Report. The half-U!e t 11 ~ is related to the lnieial 
aeJ'Osol parameter~ by 

(28) 
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One ol the limitation• of the aeroeol eettlln1 ezpnuion ie that lt cloe• not 

t&ke into account the unknown lo .. of aeroeol particle 1 by lmpinpmem aD 

vertical walle. Correctiall for thie wo\Jlcl not clteturb the nlatlon !o'Z' the 

dope index but coulcl chan1e the half~llle relation by ae much ae 40 per
cent. The d

1 
calculation• by that relation asoe therefore apt to ~ too hip 

by ZO percent. 

The fh'•t atep ill the reduction of data wae to determiu the aeometri.c 
etanclarcl deviation a i of the initial aero1ol1. The•• were !ouncl !rom the 

measured slope indicee by mean• o! tho araphic relation between the two 

quantitiea. The reeulta, plotted again va, chamber bwnictity1 are ehown 
in Ftpre 4. 4, The scatter in thia plot, which of c:ouree reflect• the ecatter 

in the measured alope indicea, b unfortunate bec&Wie of the Jcey role play.ct . 

by a g in later calculationa. We continue, however, and baae OUJ' judpnent 
on the credibility ollatu graphl. For comp&ri!IOJ1. in Figure -t. 4, it will 
be recalled that the GSD of the euaar Jample itsel! waa 1. 74. 

Once the a
1

•e au known we may proceed to tba initial aeroeol d
1

• 
the relation 

From 

0.65 H 
v(dg) = __ ... Z,.ml-. "'~i~tl-

n I 
tl/~ 8 

(29) 

The halt-live• and a~•• determine the •ettliq velocity. Stoke'• relation then 
•peclliu the dg'•· 'rhe.e are ahQWJl in Fiaure 4. 5. We note fiut that the 
da'• a:l'e eom.ewhat above the count median diameter of the powdeJ'. Thla h 
no doubt due in part tQ the inflation of d1 valuea by virtue of impinaement 011 

walla, 'but ~lil factor •hould be con1tant ac:rou the humidity rant•· 

The change of diameter with humidity ouaht. therefore, be real--althou&h 
the scale may be too high. 
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Fiaure 4.:S h aul'pritint, OD the baah of Figure 4. 1 alone, one ia 
I 

tempted to make the atate~ment th&t th• "typical particle aha" (not clearly 

defined) decrea••• with increaair11 hwmdity~ J'lpre 4. S lftdlcatea a more 

complicated bebav!ol'. In fact, Ftaure 4. 5 ahow• that 4g (which la a leu 

ambiguous measure o£ sue) increaeu with increaalna bumidlty ovel' much 

of the range, then drops aha%ply at 85 parcent. 

'!'he intentity of the vertical light beam baa been measured (section 

3. 1. Z, Tenth Quartuly Report)1inct found to be 

and the aolid anale aubtanded by the detector la 

.. ·l 
~ .. "' 5. 88 X 10 , 

The volume of the acatterina zone h 

Theae data, toaether with d , o 
1 

and the initial signal amp1Uucle, detel'• 
g . 

mine the initiAl &eroaol concentration C. C il plotted in J'ipre 4. 6. Thle 

quantity ia rathu constant at 1000 pariicl .. /c:m3 oval' the humidity ranae 

of 30 to 70 percent but falls off at either end of that l'anl•. J'taure 4. 6 

bean a cloae reaemblance to the initial lianal amplitucle (Flaun t. 1). 

This juetlfiea the looae identification betwee11 the two quantltea aa made 

in the paat. 

A final calculation detenninee the man M of powdel' airborne in the in

itial aeroaol. M h given by 
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(lO) 

where V = 106 cm3 i• the chamber volume ancl P • 1. 59 1/crra3 1• the parU· 

de dent'ity. M ll plotteclln Fi;u:rc 4. T. Over DlUCh Q/. the bqmiclity ranae 

(up to 70 percent} the c:alculatecl rna•• l• ln the neipborhoocl ol 180 ma. 

Thit i• impoaaible since only 100 ftll of powder were cllaperaed ln each 1'\U\, 

The fac:t that M i1 too larae by at leaat a factol' of 1. 9 p:rob4ably meue that 

the calc:ulatecl clg'• are too lal'&e by a factor of 

1 1 

(1, 9) " - m • (1. <)) r.i a (1. 9)0' TlZ a 1. 58, 

It h intereat1n1 to note in l''igure 4. 7 that the ac:atter of polntl la no 

worte (better a.t low bumidltiea) than in Figure a 4, 4, "· 5, al1cl 4. &. Tbia 

ll remarkable in that M i.a proportional to cl cubed &ncl to an exponential 

function of a 
1

• The acatter in cr
1

• d1 • and C la made more acceptable by 

the fact that M 11 left more or le .. unclhturbecl. 

The curve whic:h belt flta the data in Fl3ure 4. 7 h perhape the i.oltcl 

curve thown. Thia curve indicate• that above 60 percent relative humicllty, 

there h l.nc:reaeinl difficulty in Jetting the full powder sample clhpened and 

airbol'T\e, It might be noted, however, that--except for the laat four pol.n~•-· 

the curve miaht be drawn on tho level a• •hown by the daahed llne. 
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.. ,. •...• ,, 
S. DlSSEWNATION AND DEAOGLOMERATION STUDIES OF 

STOR.ED ~ 

During the fourteenth quarter, teat• were completed to determine the 

effect• ol atczoaae on the viability a:1d de&IJlomeration of compacted ~· 

Samploa ot the materi&l were .•tared at temperatul'el ot -Z and ,z3C for 

per1oda up to eix lftOnthe. The datil are belna aD&lysed on a atatlatical 

baaie at the preaent time and, therefore, only prellndna.ry reaulta will be 

prnented in thil 1'eport. 

In a•nnal, wind-tunnel teata have lbown that ltored lamplel can 'be de

aaalomerated aa efficiendy aa thoae that are not etored tn the compacted 

•tate. Mlcroac:opic a~~.alyua of filter aamplee at the 1tx-month pedod 

showed that approximately 1. 8 percent of all particlu obauved were •1· 
alomentel sreater than 4 micron•. The aeroaoh had partlcle-alze dia· 

tributione characterized by a 0. 8 micron MMD and a 3. Z OSD. Approxi

mately 8 percellt of all particle• obaerved were areater than 4 microne. 

From theae data it can be concluded that about 20 pet-c:en~ of all particles 

greater than 4 micl'ona conalated of &Jilomeratea, a value which 18 in agree

ment with previoua data obtained durlnl thia prosram, and i• coneidend to 

be amall. 15 

VlabUley aaaaya of the atore~d materiala indicate that tbe decay rate 

over the alx~month pe rlo4 tor each of the treatmenta il quite similar to the 

natural decay rate fol' uncompacted !m,•tored at ~Z3C. It appeara that the 

decay rate la hianer during the firet 1 S days of atoraae than during the fol· 

lowina 168 day•. Reeulta from the ataUetical analyaea will be preaented ln 

the next report. 
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L 
6. USE OF DRY LUBRICANT TO REDUCE SIDE WALL FlUCTION 

In the Twelfth and Thbteenth Quarte~ly Pro1reu Reports, work i• 

npol'tecl on the Ule of dry lubricantl to reduce powder-to-metal bic:tion 

for plua• of co~pacted powder llicling inside a tube~ Moat of the experi

ment• wel'e conducted with Uhtl'On Vapor talc: packed lntC! 6-inch diameter 

aluminum tu!Ma. Re1ult• wlth vel'y amooth 1urfac:ea indicated that there 

were no •laDlllcant differences between the lubricated and unlub:ric:atod 

eudac:••· A reduction ln frictional force, however, waa ob1ervecl if 

graphite wa• applied to the tube wa.ll when varioua aurfaee rousbneaa con

dition• cnd1ted. A poulble explanation ia that araphite tend• to fill up •mall 

•c:ratc:hes aDCl to 1mooth tha auface, thua allowing the plug of compacted 

talc to slide over the aurface with little or no ahearina of powder at the in· 

terface. 

In an effort to learn more about tho alid1n1 phenomenon, an experiment 

waa conducted in which the talc-aluminum interface wa1 eliminated by linhiiJ 

the tube with polyethylene film plaetic be£ore packing it with talc:. Dry 

graphite waa used betweell the metal and the plutic film to provide lubrica

tion at thia polftt. Wheft the plua of powder waa pushed. out of the tube it 

waa ob1erved that the plaatic liner alid over the &l'aphite-lubricated aur£ac:e 

and there wa1 no lllding of powder relative to the plattic. 

The lenath of the plua of taJ.c wae 13. 5 inc:hea &ivins a lenath-to•dlametn· 

ratto of Z. ZS. A force of 150 lb (3. 53 pai) waa uaed. to compact the talc. 

Tho force required to pwah the plua of powder out of the tube wa• only 18 lb 

(0. 64 pai). In prior teata, where a Jrapbite-lubricated. tubo without the 

plaetic liner waa filled with talc and compacted at 150 lb (3. !U pei), the eJec~ 

tion force for & length•tO·diameter ratiO of 2.. 25 W&l 150 lb--eqU&l tO the 

compaction force. If it ie auumed that the aide wall unit pre11un ie the 

name ln both inatancea (with and without plaatic liner), then it appeal'& that 

the pre1ence Of the pl&ltiC: film allowe the lll'&phite to ac:t &I a lubricant, 

whereaa the absence of the pla~ttlc film allowa the powder partic:lea to some

how serinualy dearade the ability of 1raphite to act u a lubricant. 
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Tbe surprisingly low aide wall hiction obtained with the araphite

lubrieated film plaatic Unor domonatn.tea that, by preventina intimate 

contact oi powder particle• with aunace• where relative sliding muat take 

place, it ia pouible to obtai~ significant reductions ln the side wall frlc• 

Honal reaiatance, The polyethylene film plastic wi.th gl'&.phite lubrication 

hu been employed in a technique for manual lQa.d!.ng of the E-41 spray 

tank with aood aucceu (Section 7, Z). 

It ia conceivable that an interface other than plaatic film can be do· 

velotMcl to be fully eUac:tiva in lowerina aide wall friction. Such treatment 

woulc:\ be d.eabable for ayatema where a. continuoua plaatic film I.e objec

tionable, ancl this matter will be given conaideration in planning our future 

work. 
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7. PREPARATIONS FOil .FLIGHT TESTS OF THE E-•U SPRAY 
TANK ON THE MOHAWK All\PL.ANZ 

Progreu during the reportina period in the plannina and prepal'ation 

for the low-speed fiiJht trials of the E-41 spt<ay tank h I'\UY1marized below. 

7. l. Shipment of E-41 to Grumman Aircraft. Ensineerin1 Co!]Joratian 

L~te iu November the Grumman Airplane Ensineerins Corporation 1'0• 

ceived authorization to proceed with modif:l~ations of a Mohawk OV-lC 

a:lrpl&lw to pumit flyin1 twa E-•U •pray tank• on thle abplane. The per• 

tinent ensineerins data for the E··U were eent from General Mille, Inc. 

to Grumman for u•e in m&ldna the modification. One E-•U epray taDk, 

with auociated equipment for around checkout and operation of the unit, 

was shipped to Grummart at Bethpafi•• Lonaleland, New York, early in 

December. 'l'hie unit wa.a filled with approximately 300 lb of Mlatron Vapor 

talc which is to be dineminated during gr~nd checkout at Orumman aiUl 

durin& the fliaht trial• a.t the Naval Air Test Center, Patuxent River, Maryland. 

7. ~. Manual Technlg,ue for Flelcl Loadin1 E-41 Spray Tank with BJ 

In connection with t.lJe fii&ht trials of the E-41 al)ray tank on the Mohawk 

airplane, there wu a pel'iod when it appeared that only one of the E-41 unlta 

would be available for these trials. The other unit bad been sent to Eflin 

Air Force Baae and the time for completion of the Ealln triala was indefinite 

until late in November, With only one unit available for the Mohawk triala 

it would have been necessary to reload the unit in the fiold. A partial eharae 

of 80 lb of!!& would constitute the load. The exposure of !1, durtn1 loadinl 

would hav" to be minimized to pre,ent absorption of moiaturo &1'\d to pro.rent 

contaminating the area with .!&.: 

The experiments with a graphite-lubricated polyethylene liner in a E.-inch 

cylinder with compacted talc {Sectiort 6) demonstrated tht.t it ahould be poaaible 
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to develop a packag1ni azoranaement whereby a relatively •maU force would 

aufftco to push the compaetecl c:harae out of the tube that bad 'ci.!Ul used to 

coniine it duriDI compaction, A auitable miiLDual 1ystem was developed and 

demonetrated in the labontory before tt bec:a.me known that acheduliftl would 

permit uling both E-41 spray tanka and that !J loading in the field would not 

be required. 

The arrangement whi~h was developed for loadlnJ compacted !J. h 

sketched ln Figure 1-1. The aketch ahowa the cartriclte ot powder inside the 

diaaeminator prior to removal of the polyethylene liner and the aluminum 

sleeve. The sleeve ia approximately 16. ZS inches in diameter eo t'!iat it 

alidea freely into the disseminator. The centnl tube is used to pr•lvicle a 

hole for the diueminator drive screw and to picle the acnw throup the 

polyethylene aleeve tn the center. 

The polyethylene liner is pla.c•d in the .,.luminum ::lccvc prior to fillln1 

with powder. The film plaatic tube in the center is doubled back c.\D itaelf 

so that the free end ia adjacent to the central tube at the bottom. A!u-r the 

•• owder is compacted in place, the polyethylene is i&theucl to the center and 

tied around the central tube usill& a ~pecial slip-knot. By pullin1 on thi• line 

the knot can be released to bee the polyethyletae. The polyethyleM liner l.a 

extra lon1 ao that it can be draped back over the tie cord and the outside of 

the aluminum sle"'v"'. The bottom diaca are needed to puah the cartridge 

into the diueminator and to hold the powder in position aa the a.luminwn 

aleeve and the polyethylene liner are wlthdUWfl• 

For the loac:Un!J operation the dtueminator is supported on a rack with 

the open end tUted about lO de1rees below horizontal. The powder cartridge 

is inserted and helcl in p!ace while the roleas~ lll'le on the knot.~ h pulled to 

release the polyethylene. The polyethylf!ne il pulled away from the face of 

the powder by tu~JiniJ at the skirt of matet"ial extending bel.Jw the bottom 

dhc. Next, the butar bot~om disc ia removed. so that the aluminum sleeve 

can be withdrawn while holc:Ung the powder in place with the inner bottom 

disc, 
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Before removinJ the inner bottom diac the din•minator la tilted to 

bl'ing the loadlnJ end approximately 30 deareea above horizontal. Thb 

maneuver c;:;;.uaee the powder to stay in pla.c:e while the bottom d\lc ia re

placed with the c!iueminator piston and hub auembly. 

The technique deacribed above ha.e been found to be entirely satlafactory 

for loadint partial charpa where the weisht of the cartridge does not ex

ceed that which can be conveniently handled by one man; and when the powder 

ia limited to nonpathogenic aimul&nta. The procedure ia eaay and no ape

eialloading equipment other than the compaction puaa is required. The 

polyethyi.ene mlnimlaea the exposuu of the powder durinJ the loa.dina oper

atlOft. The loa.cl1Dg cartridge is inexpensive so that it could. be destroyed 

alter loadint to simplify the decontamination operation when !!J ia ueed. 

The loadina cartridge can alao ae:&Ve aa a ahipping container if packed in 

a aturciy wooden crate, 
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8. SUMMARY 

The work completed durin& the fourteenth q,uarte:r ie ewrunari.zed in 

the followinJ paragrapha. 

Durina the course of thil- project we have been atudytng th~ m1lk pow· 

der propertt.ea euch ;u energy of compaction, ehear strength, and. tensile 

strenJth which are maDi!eetations of interparticle contact energiee. In 

adcUtfon, we have •tudied po<.vder particle characteristic• such as size and. 

shape that affect the number and nature of theaa interpal'ticlo contacta. 

Cunent theoretical inveetiaation. relating thue interparticle contact eMrlli•• 
to mechanical pl'opertiu of compacted. powden are deecribecl (Section 2). 

A theoretical moclel compoaed of epheric:al particln of diameter dp with an 

avenge enel'IY • per contact is employed to determine the energy required 

to produc:e & at.ven chanac in average powder density. Although an ldealized 

syatem waa uaed, the trends predicted are in accord with experim.,ntal 

data (Section 2). 

!a (lot SCH-63-1 09) to be used in forthcoming flight tests was .i'ound to 

be more di{ffcult to compact than .!& (lot 17) used previously. A new approach 

to obtain the eneray of compaction from ln.tron data h presented (Section Z}. 

Aaent LX like other highly elastic materials was found to be difficult to 

compact, has a comparatively high compa.ction shear strength, and a tensile 

strenjth too low to me.,•ure (Section Z). 

An evaluation waa made of the buoyant force corrections for the BET 

ad•orption method to meaeure total aurfacs area. Spray-dried aaccharin 

13C and 13D, aaellt LX, and e11 embryo were found to have total aurface 

areu of 0. 7S, 1. 06, 4. 4, a.nd 14. Z with correaponding rugoeitiea of z. 0, 

2. Z, 6. 8, and Z6. 8. Spray-dried saccharin ia compoaed of smooth spheret, 

whereaa the egg e:nbryo and agent LX is "' hi1hly irregularly thapecl ela.atic 

particle aa showft in the micrographs (Section 3). Our methods for preparing 

shadow-c:;ut samples for the electron micrc.Hu.:•)pe are described (Section 3). 

8-1 

$NI.INIIAL* 

OECLASSIFJE!O IN FULL 
Authority: EO 13526 
Chief. Records & Declass Div, WHS 
Date: 

JUl 1 9 20l3 



A stUdy of the effects o! humid.ity (from 0 to 100 percent ,R. H.) upon 

the !ormation and decay of a ground powdered. IIUii&.r aero1ol ia reported. 

in S.-:tton 4. The data were thoro•1ghly analyzc:d, conahtent with the teet 

parameters designated in the method of meaturina aeroaol decay by light· 

scattering technique•. The results indicate that pronounced ch<lngea pro• 

bably do not occur until the relative humidity ie greater than 65 percent. 

Viability an<l deaaalomeration studies were conducted on sample• of 

compactud ~ that had been stored in the compacted state for II period of 

6 month• at temperature& of .;a and -Z3"C. Wind-tunnel tettl showed that 

theee samples were deagalomerated a.e efficiently as comp.a.cted !!l that h&d 

not beiUl stored. Viability auays have not been completely analysed but 

indications are that delcay rates !or eix months of storage are timil&r for 

compacted and uncompacted Sm (SectionS). 

An experiment wat conducted using Mittron Vapor talc compacted in a 

6-inch <ll.arneter tube wiped with graphite and lined with polyethylene film 

Plaltic. The force required to push r.hc plug ol tale out of the tube was ap· 

Preciably less than hat been observed for aimilar p.lugs without the poly· 

ethylene, indicatins that side-wall friction can be materially reduced if suit

able method• can be found for preventing intimate contact of the powder 

particles with the wall surface (Section 6}. 

In preparation for the low-speed flight trials of the E-41 spray tank on 

the Mohawk OV-lC airplane, an E·41 was fiUed with compacted talc and 

•hipped to Grumman Aircraft Engineering Corporation, Bethpage, Long Isl&nd, 

New York. A manual loading technique using partid charges was developed 

in anticipation of having to load the E-41 with~ in the fi~ld during the flight 

trials {Section 7). 
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At the request of , we have conducted a Mandatory Declassification 

Review of the documents in the above referenced cases on the attached Compact Disc (CD) 

under the provisions of Executive Order 13526, section 3.5, for public release. We have 

declassified the documents in full. We have attached a copy of our response to the requester. If 

you have any questions, please contact Ms. Luz Ortiz by phone at 571-372-0478 or by e-mail at 

luz.ortiz@whs.mil, luz.ortiz@osd.smil.mil, or luz.ortiz@osdj.ic.gov. 

Robert Storer 
Chief, Records and Declassification Division 
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Department of Defense 
Directorate for Freedom of Information and Security Review 
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1155 Defense Pentagon 
Washington, D.C. 20301-1155 

Sir: 

 
 

 
 

I am requesting under the Mandatory Declassification Review provisions of Executive Order 
13291, copies of the following documents. I have tried several times to acquire them through 
DTIC, but the sites stated they are not available. 

I am conducting research into the previous methods used to disseminate biological agents. Many 
source I use to have access to have been deleted from the internet. On numerous occasions I 
have been informed that formerly classified information that was declassified, have now become 
classified again (since 911). My attempts to locate such Executive Orders, regulations, laws, or 
other changes to this question have not successful nor revealed a specific source. As such I 
would appreciate any infonnation you can shed on this question. 
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